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Phase diagram and magnetic properties of La1−xCaxMnO3 compound for 0 ≤ x ≤ 0.23.
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In this article a detailed study of La1−xCaxMnO3 ( 0 ≤ x ≤ 0.23) phase diagram using powder x-
ray diffraction and magnetization measurements is presented. Unfortunately, in the related literature
no properly characterized samples have been used, with consequence the smearing of the real physics
in this complicated system. As the present results reveal, there are two families of samples. The first
family concerns samples prepared in atmosphere (P (O2) = 0.2 Atm ) which are all ferromagnetic
with Curie temperature rising with x. The second family concerns samples, where a post annealing
in nearly zero oxygen partial pressure is applied. These samples show a canted antiferromagnetic
structure for 0 ≤ x ≤ 0.1 below TN , while for 0.125 ≤ x < 0.23 an unconventional ferromagnetic
insulated phase is present below Tc. The most important difference between nonstoichiometric
and stoichiometric samples concerning the magnetic behavior, is the anisotropy in the exchange
interactions, in the stoichiometric samples putting forward the idea that a new orbital ordered
phase is responsible for the ferromagnetic insulating regime in the La1−xCaxMnO3 compound.
PACS numbers: 74.60.Ge, 74.60.Jg,74.60.-w,74.62.Bf
I. INTRODUCTION
Manganite perovskites RE1−xARxMnO3 (RE=La and
rear earths, AR=Ca, Sr, Ba) display interesting and puz-
zling structural, magnetic and transport properties. The
reason for this is the close interplay between charge, spin
and lattice degrees of freedom. One of the most pop-
ular detailed studied system, concerning the transport,
structural, and magnetic properties1,2,3,4,5,6,7,8 is the Ca-
based La1−xCaxMnO3 ( 0 ≤ x ≤ 1) compound. In sto-
ichiometric LaMnO3 at TRO, a structural rhombohedral
(R) to orthorhombic (O) transition occurs. In the O
phase the MnO6 octahedra attempt specific tilting sys-
tem due to the particular value of the tolerance factor.
Mn ions in an undistorted octahedral oxygen coordina-
tion have an electronic structure d4 = t32ge
1
g (one electron
on a doubly degenerated eg-orbital). Subsequently at TJT
LaMnO3 is transformed from O to another orthorhom-
bic structure (O/). In the O phase the three octahe-
dral MnO bond lengths are almost equal. The transition
at TJT originates from a cooperative Jahn-Teller struc-
tural transition9,11 resulting in to anisotropic Mn-O bond
lengths, with the long bond ordered in a two sublattice
fashion10 in the ac plane. This particular ordering of the
long bonds in the basal ac-plane (Pnma notation) has
been connected with the orbital ordering of the dx2 and
dz2 orbitals. Finally, at TN the compound is ordered anti-
ferromagnetically attempting the so-called antiferromag-
netic structure (m||a-axis) ferromagnetic layers coupled
antiferromagnetically along b-axis). Such an ordering is
connected with the orbital ordering. The antiferromag-
netic interactions along b-axis have to do with the three
t2g electrons. The strong overlap between half filled or-
bitals dx2 at site 1 and an empty one dx2−y2 at site 2 gives
the ferromagnetic exchange11 (at ac-plane, in accordance
with the Goodenough-Kanamori-Anderson rules).
The substitution of La by Ca, i.e. doping the com-
pound with holelike charge carriers, induces drastic
changes of the structural and magnetic/tranport prop-
erties. In the doping level 0.0 < x ≤ 0.1 the long mag-
netically ordered state for T < Tc is a canted antifer-
romagnetic structure (CAF) closely connected with the
A-antiferromagnetic structure of LaMnO3 compound,
where the collinear magnetic moments in the ac-plane,
are canted in such a way producing a net ferromagnetic
component along b-axis12. The anisotropy of the Mn-
O bond lengths in the O/ phase are still present, with
a tendency for reduction as x increases. Based on the
assumption that this ordering of the long bonds is con-
nected with the orbital ordering, the orbital ordering is
preserved, also in the CAF regime.
With further doping 0.125 < x < 0.23 the CAF
phase is transformed to a ferromagnetic insulating phase
in contradiction with the conventional double and su-
perexchange models. to 80 K this phase follows the
O/ structure13 with moderate anisotropic Mn-O bond
lengths. As the doping concentration x increases, the
static JT distortion weakens progressively and the sys-
tem becomes metallic and ferromagnetic for x > 0.23. It
is believed that in the absence of a cooperative effect in
this regime, local JT distortions persist14,15,16 on short
time and length scales. These short-range correlations,
together with the electron correlations, would create the
effective carrier mass necessary for large magnetoresis-
tance.
The ferromagnetic insulating phase is one of the most
puzzling regime in the physics of magnanites perovskites.
Several models have been proposed to interpret it espe-
cially for the La1−xSrxMnO3 compound, including new
orbital and charge ordering17,18 states. Although, a lot
of experimental studies have been devoted for the ferro-
magnetic insulating regime of the La1−xCaxMnO3 com-
pound, in most of them, significantly nonstoichiomet-
ric samples were used, leading,(as it is pointed out by
Dabrowski et al. Ref.19) in contradictory results if one
compares results of different groups. The nonstoichio-
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FIG. 1: XRD patterns of as prepared in air atmosphere at 1400o (a) and post annealed at 1000oC in high purity He
La1−xCaxMnO3 samples (b). At the left of the main panel is a magnification of the patterns near the (101), (020) reflec-
tions.
metric samples although showing ferromagnetic insulat-
ing behavior for x < 0.2, most probably concern samples
with cation vacancies where the unknown orbital state
of the ferromagnetic insulating regime, is probably in a
liquid state. In addition, the concentration gradients in
the singe crystals (when they are free of vacancies) make
difficult the direct comparison of the results between dif-
ferent composition and research groups. The main reason
for this is the fact that the crystal chemistry and physical
properties of the low Ca-samples depend on the partial
pressure of the oxygen during the sample preparation. As
the results of the present study reveal, there are two fam-
ilies of samples. The first family concerns samples pre-
pared in air atmosphere (P (O2) = 0.2 Atm) displaying
ferromagnetic behavior with Curie temperature which
diminishes as x goes to zero. The second family con-
cerns samples where a post annealing in nearly zero oxy-
gen partial pressure is applied, leading to a complicated
phase diagram. A first attempt in understanding how
the preparation conditions influence the phase diagram
of La1−xCaxMnO3 ( 0 ≤ x ≤ 0.2) has been performed
by Dabrowski et al. and Huang et al., in Refs.19,20,21.
In these studies the role of the oxygen partial pressure
has been recognized as the key parameter influencing the
Mn+4 amount, in addition to the nominal calcium con-
tent. Taking into account these observations one must be
cautious in adopting theoretical models before the basic
solid state chemistry and the complete characterization
of the La1−xCaxMnO3 compound is made.
In the present paper we carry out a detailed study in
respect of bulk magnetic properties of La1−xCaxMnO3
(0 ≤ x ≤ 0.23) in two sets of samples, in an effort,
firstly to elucidate the complications that originate from
the nonstoichiometry of the samples and secondly, using
magnetic and resistivity measurements, to understand
the differences in magnetic properties between the two
families of compounds.
II. EXPERIMENTAL DETAILS
La1−xCaxMnO3 samples were prepared by thoroughly
mixing stoichiometric amounts preheated La2O3, CaCO3
and MnO2 following a solid-state reaction method, in
air at 1400oC. We call these samples ”air prepared”
(AP). Part of the AP samples was subsequently post
annealed at 1000oC in high purity He flow. These
samples are called reduced samples (R). X-ray pow-
der diffraction (XRD) data were collected with a D500
SIEMENS diffractometer, using CuKα radiation. The
Rietveld refinement of the XRD data is performed by us-
ing the FULLPROF program.22 DC magnetization mea-
surements were performed in a superconducting quantum
interference device (SQUID) magnetometer (Quantum
Design MPMS2). For ac susceptibility measurements a
home made susceptometer was employed. The dc, the
drive and pickup coils are inside the cryogenic fluid, in
order to have measurements in a constant background.
III. X-RAY DIFFRACTION DATA
Figure 1 shows part of the XRD patterns of the AP
and R samples. Based on Rietveld method both set of
samples can structurally be described by using the Pnma
space group. In addition, the R samples display the coop-
erative Jahn-Teller structure, which is characterized by
the splitting of (101) and (020) diffraction peaks. As the
Rietveld refinement revealed, in each MnO6 octahedron
there are three different bonds, with the medium length
Mn-O1 bond (m) directed along the b-axis and the long
(l) and short (s) Mn-O2 bonds alternating along the a
and c axes (Pnma notation).
Despite the fact that XRD data of all AP-samples
are indicative for single phase samples, all the samples
(see below) are ferromagnetic. No cooperative Janh-
Teler distortion is present for the AP samples as the
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FIG. 2: (a) Concentrations dependance of unit cell constants
and volume for (AP) (a) and (R) (b) La1−xCaxMnO3 sam-
ples.
unit cell constants and the Mn-O bond-lengths point out,
even for samples with x < 0.1. Most probably, all these
AP-samples concern cation deficient samples. One may
claim that the oxygen content for this family of sam-
ples, is larger than for the stoichiometric ones. However,
the LaMnO3 perovskite-type structure is a closed-packed
LaO3 lattice with Mn ions in the octahedral sites com-
pletely surrounded by oxygens ions. The possible sites
for interstitial ions (tetrahedral and octahedral) are sur-
rounded by negatively charged ions (oxygens) as well as
by positively charged ions (lanthanum). It is very hard
to incorporate charged particles into these sites. Conse-
quently, a cation vacancies20 structure can explain the
variation of the crystal-chemistry and the physical prop-
erties of La1−xCaxMnO3 system for 0 ≤ x ≤ 0.23. Most
importantly, refining the atomic positional and isotropic
thermal parameters, keeping the occupancy factors ac-
cording to the nominal composition, did not yield a com-
pletely satisfactory refinement because some peaks (e.g.
(101), (020)) did not have the adequate intensity. In-
cluding as additional free parameters the occupation fac-
tors for La and Mn, a clear improvement of the fit was
achieved, and moreover these peaks got the right inten-
sity. The results of the refinement clearly show that a
nearly equal amount of La and Mn vacancies are present
in the AP samples. The La and Mn deficiency decreases
as x increases.
Figure 2 shows the concentration variation of the unit
cell parameters for AP and R samples. While for the AP
samples the cell constants are reduced monotonically as
x increases, the corresponding variation of the R sam-
ples show a clear change in the slope at around x ≈ 0.15.
For higher x there is not substantial difference between
the variation of the cell constants of the AP and R sam-
ples. It is interesting to be noted that the unit-cell vol-
ume changes monotonously with x as is expected from
the smaller ionic radius both of the Ca+2 and Mn+4.
However, the slope differ by a factor of two in the two
families of samples, e.g. (d(V/V0)dx = −0.1455 for AP
samples and (d(V/V0)dx = −0.27, for the R samples,
(V0 is the unit cell volume at x = 0 for AP and R sam-
ples respectively). The difference in the unit-cell reduc-
tion slope most probably is related with the cooperative
Jahn-Teller distortion, which is present only in the R
samples. The abrupt changes of the unit-cell parameters
for x < 15 is the result of the intersection of the Jahn-
Teller transition curve (e.g for x < 0.15, TJT(x) > 300
K). Both families of samples exhibit a GdFeO3 distortion
of the perovskite structure. Orthorhombic perovskites
have been separated into type O∗ (b/c >
√
2, Pnma no-
tation), wherein the predominant distortion is octahedral
tilting as in GdFeO3 and type O
/ (b/c <
√
2, wherein
the predominant distortion is driven by the cooperative
Jahn-Teller effect. The R samples at T = 300 K up to
x = 0.15 are described by the O/-structure. We must
note that the difficulty in preparing homogenous sam-
ples in the x = 0.15 regime is related with the fact that
the cooperative JT distortion, at the particular concen-
tration, occurs near T = 300 K.
IV. MAGNETIC MEASUREMENTS
Proceeding further we carry out both dc- magnetic
moment and ac-susceptibility measurements in order to
estimate the magnetic phase diagram of the two fam-
ilies of samples. Figure 3 shows the temperature de-
pendence of the magnetic moment for both AP and R
LaMnO3 samples. The AP sample shows a paramagnetic
to ferromagnetic transition at Tc = 165 K. The tem-
perature variation of the magnetic moment shows strong
hysteretic behavior depending on the measuring mode.
In zero field cooling mode (ZFC) the moment initially
increases slightly up to 80 K. In a relatively narrow tem-
perature interval a step-like increasing of the magnetic
moment is observed. We characterize this feature by its
onset temperature, during cooling, denoted by TB. Sub-
sequently the moment increases up to 150 K and then
sharply decreases at Curie temperature. The width of
the transition at Tc is relatively sharp in comparison
with ferromagnetic-paramagnetic transitions observed in
higher concentrations. This sharp decreasing of the mag-
netic moment may be implying a first order magnetic
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FIG. 3: (a) Temperature dependence of the dc-magnetic mo-
ment and initial ac susceptibility for the air and He atmo-
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was measured in ZFC and FC mode (see main text)
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FIG. 4: (a) Temperature dependence of the dc-magnetic mo-
ment and initial ac susceptibility for the air and He atmo-
sphere prepared La0.9Ca0.1MnO3 samples. The dc-magnetic
moment was measured in ZFC and FC mode (see main text)
transition. However, the absence of measurable hystere-
sis in this regime is not in favor of a clear first order tran-
sition. On cooling under magnetic field the magnetic mo-
ment below 150 K shows a pronounced hysteresis. This
thermal irreversibility of magnetization is observed below
Tirr being a common feature of all types of magnetic sys-
tems showing magnetic hysteresis behavior. At TB the
FC branch displays a slope change so that the moment for
T < TB rises more rapidly than above TB. The particu-
lar shape of them(T ) curve appears in all AP samples for
0 ≤ x ≤ 0.2 (see below). The lower panel of Fig. 3 shows
the real part of the ac-susceptibility for both the AP and
R samples. Let us firstly discuss, the data for AP sam-
ple. Below the Curie temperature, χ′(T ) increases down
to the temperature where the ZFC and FC branches of
the dc-moment display hysteretic behavior. Below this
temperature the χ′(T ) decreases rapidly, and finally be-
comes nearly horizontal for T < TB. The corresponding
imaginary part (not shown) shows two peaks: one at the
Tc and the other at TB. It is interesting to note that the
ac-susceptibility measurements do not show irreversible
behavior.
On the other hand, the R sample shows radically differ-
ent behavior. Both ac-susceptibility and the dc-magnetic
moment show a lower transition temperature Tc = 145
K. The ZFC and FC branches of the m(T )-curve show
strong hysteretic behavior from the Tc with the ZFC
branch to be far below the FC one. Isothermal mag-
netization measurements at T = 5 K (not shown) re-
vealed a behavior typical of a canted antiferromagnet, in
agreement with neutron diffraction measurements6(the
neutron diffraction data mainly show an A-type antifer-
romagnetic structure, because the ferromagnetic compo-
nent is very small). The real part of the external sus-
ceptibility (uncorrected for demagnetizing effects) χ′(T )
displays a very narrow peak at the transition tempera-
ture.
In a case of For a canted antiferromagnet the ac-
susceptibility along the ferromagnetic axis (e.g. the b-
axis in our case), is expected to diverge above and below
TN . On the other hand, the ac susceptibility along the
other orthogonal axes display the usual behavior for a
antiferromagnetic material. In our powder sample the re-
sponse is governed by the divergent part, which is larger
than the antiferromagnetic one. For a canted antiferro-
magnet the susceptibility is expected to diverge on the
interval ∆T = (TN −T0)/TN where ∆T = (D/
∑
i |Ji|)2,
T0 is the temperature where the susceptibility begins to
diverge, and D is the anisotropy constant of crystal field
type DS2z , or Dzyaloshinskii-Moriya interactions.
23 The
sharp fall in χ′ below TN can be ascribed to the onset
of coercivity. As the x increases (e.g. the samples 0.05
and 0.1) the magnetic measurements for both AP and R-
samples are practically similar with the LaMnO3 sample.
It is interesting to note that the width of the susceptibility
peak increases with x. A fact which may be related with
a softening of
∑
i |Ji|)2 with x. In Figure 4 plotted are
the dc-magnetic moment and ac-susceptibility measure-
ments for the x = 0.1 samples in order the differences
with the x = 0.0 sample to be emphasized. The AP-
prepared sample shows exactly the same behavior as the
corresponding x = 0.0 sample except a slightly higher Tc.
The R-sample continues to show a behavior characteristic
5of a canted-antiferromagnet.
The magnetic measurements of the AP-sample x =
0.11, shows similar behavior as all the AP samples. The
χ′ of the R x = 0.11 sample shows two features in place
of the single peak observed for x ≤ 0.1. At the high tem-
perature side of the peak of χ′ appears a clear shoulder,
indicating that this sample displays two transitions. The
transition located at the peak most probably is related
with CAF transition of the x = 0.1 sample, while the
shoulder with a ferromagnetic transition. Similar behav-
ior has been observed by Biotteau et al.6 in neutron data
for a single crystal with x = 0.1. Fig. 5 shows the dc
magnetic moment and ac-susceptibility measurements for
both AP and R x = 0.125 samples. The situation in the
R x = 0.125 sample is more clear. Here, a ferromagnetic
transition at Tc ≈ 150 K and a shoulder at 115 K (see ar-
row in Fig. 5) are observed. We attribute this anomaly to
antiferromagnetic transition which in this sample occurs
below Tc. The dc magnetic moment displays hysteretic
behavior bellow Tirr ≈ 140 K, between of the ZFC and
FC branches. The ZFC branch although increases non
linearly with temperature, does not exhibit any other fea-
ture. At T = 115K ≡ TN displays a maximum. The same
behavior was observed in all the samples up to x = 0.15
concerning the peak at Tc in the χ
′ of the R samples. The
shoulder now has been replaced by a broad shoulder. For
T < 80 K, χ′ becomes nearly horizontal. For x > 0.15
the dc magnetic measurements are not essentially differ-
ent in respect of the AP samples, except the lower Tc for
the R samples. The step-like increment of the magnetic
moment in the ZFC branches are present in both families
of samples. The ac-susceptibility measurements for the
R samples show an asymmetric peak at Tc and a small
reduction at the temperature region where the step-like
variation of the dc moment occurs. A representative ex-
ample is shown in Fig. 6 for the x = 0.19 sample. In
the R x = 0.19 sample the dc-magnetic measurements
show the irreversibility at Tirr ≈ 180 K and the step at
TB. The corresponding χ
′(T ) shows an asymmetric peak
at Tirr then decreases and finally forms a shoulder at TB
before becoming horizontal.
The ac susceptibility for the samples with x > 0.14
increases rapidly as Tc is approached from above, pass-
ing though a maximum at a temperature somewhat be-
low Tc. This maximum originates from the Hopkinson
effect24 and not from of critical effects. The Hopkin-
son effect is due to the rapid increase in anisotropy with
decreasing temperature below Tc, particularly when its
value begins to exceed the ac field.25 The application of
an external static biasing field results in a rapid suppres-
sion in both amplitude and temperature of this principal
maximum. The measurements under a dc field revealed
a smaller secondary peak, which decreases in amplitude
and moves upward in temperature as the applied field in-
creases. This feature is a direct manifestation of critical
fluctuation in a system approaching a second order para-
magnetic to ferromagnetic transition and it is uniquely
revealed by susceptibility measurements. This behavior
clearly appears in Fig. 7 for the x = 0.19, R sample. At
this point we would like to point out that a pronounced
Hopkinson peak is absent in the AP sample and in both
families of samples for x > 0.2.
Our magnetic measurements for the R x = 0.19 sam-
ple are in good agreement with the single crystal ones
of Hong et al. ( Ref. 26). The anomaly at TB was
attributed to freezing of a cluster-glassy phase which ap-
pears bellow Tc. According to their neutron diffraction
data this glassy phase concerns 0.4µB per Mn ion and
has to do with charge/orbital fluctuations. For x > 0.2
both families of samples show typical behavior of a low
anisotropy soft ferromagnetic material.
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FIG. 5: Temperature dependance of the dc-magnetization
(a) and initial ac-susceptibility (b) for the AP and R
La0.875Ca0.125MnO3 samples, respectively.
V. ELECTRICAL RESISTANCE
MEASUREMENTS
Figure 8 shows representative electrical resistance
measurements for R-samples in semi-logarithmic 1/T
plots. This kind of plots can show activation like (ρ =
ρ0 exp(Eg/kT ), where Eg is the activation energy) vari-
ation of the resistivity. For T > Tc our resistivity curves
indicate Eg ∼ 0.1− 0.2 eV, increasing as x decreases (see
inset of Fig. 8). The x = 0.23 R-sample displays in-
sulating behavior up to Tc where an insulator to metal
transition occurs. For x < 0.23 al the samples show in-
sulating behavior. For the x = 0.125 R-sample, at Tc,
the resistivity can be simulated by two different activa-
tion energies above and below Tc, as it is revealed from
two linear segments in the log ρ vs. 1/T plot. At Tc a
reduction of the activation energy is observed. As we ap-
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(a) and initial ac-susceptibility (b) for the AP and R
La0.81Ca0.19MnO3 samples, respectively.
proach the metal-insulator transition (near x = 0.23) the
change of the activation energy occurs in a step like fash-
ion, while the resistivity curve bellow Tc diverges from
the activation like behavior so that the Eg effectively di-
minishes as temperature decreases. The corresponding
measurements for the AP-samples also show insulating
behavior with a slope change at Tc but the metallic be-
havior now occurs for lower x = 0.2. We must note that
other researches have interpreted the step-like change of
the ρ right below Tc in the ρ(T ) curve for the x = 0.22
R-sample, as an insulator to metal behavior, which sub-
sequently is transformed to a metal to insulator behavior.
To our opinion this is a relative broad change of the elec-
tronic structure at Tc, producing this abrupt change of
Eg. In other words, the ferromagnetic insulating regime
is characterized by ferromagnetic insulated ground state.
The magnetic ordering seems that abruptly renormal-
izes the electronic gap near the center (x = 0.18) of the
ferromagnetic insulating regime. As the low boundary
x = 0.125 is approached, this type of renormalization
becomes more smooth, while at the upper boundary the
change is more intense, since, there, we have complete
change of the electronic structure (metallic ground state).
VI. PHASE DIAGRAM
Based on the magnetic measurements, the magnetic
phase diagram for both families of La1−xCaxMnO3 sam-
ples are determined and plotted in Fig. 9. The AP sam-
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FIG. 7: Temperature variation of the linear fundamental ac
susceptibility for various dc fields of the x = 0.19 R sample.
ples display a ferromagnetic transition at Tc(x), which
increases with x (see Fig. 9(a)). In this figure plotted
also are the onset points TB(x), where the step incre-
ment of the magnetic moment is observed. The temper-
ature where this transition occurs is nearly independent
of x. Although this transition persists and for x > 0.2 the
height of the magnetic moment ”jump” diminishes signif-
icantly there. The physical origin of the TB is the subject
of several recent publications but its complete elucidation
has not yet been achieved. Fig. 9(b) shows the phase
diagram of the R samples, which is radically different
in comparison with it of the AP samples, especially for
x < 0.15. Our results for the R samples are in nice agree-
ment with those of Ref. 6,27, where stoichiometric single
crystals have been studied. For 0 ≤ x < 0.125 the R
samples undergo a transition from a paramagnetic to a
canted antiferromagnetic state at TN . The x = 0 sample
is an Ax-type antiferromagnet with a small ferromagnetic
component along the b−axis (Pnma notation). As x in-
creases the ferromagnetic component of the canted mag-
netic structure increases in expense of the antiferromag-
netic one. For x > 0.08 it is clear that antiferromagnetic
and ferromagnetic transitions occur at different temper-
atures (TN < Tc). For 0.125 ≤ x ≤ 0.2 according to
the magnetic saturation measurements all the samples
show ferromagnetic behavior. However, the real char-
acter of the zero field ground state is not clear. The
dc magnetic and ac-susceptibility measurements show a
rather complex behavior. Let us describe the possible
physical origin of the special features observed in mag-
netic measurements for R samples. Fig. 10 clearly shows
this behavior. We have plotted the χ′(T ) for all the R-
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Eg(x) is shown at the inset.
samples. The first transition appears as peak and has to
do with ferromagnetic interactions of the canted struc-
ture for 0.125 < x ≤ 0.15. Subsequently, instead the
peak decrease itself considerably as in the CAF struc-
ture after a wide shoulder it remains temperature inde-
pendent down to zero temperature. At the same time
the dc-magnetic moment presents smaller difference be-
tween ZFC and FC branches in comparison to the CAF
structure. All these observations imply that we have a
behavior where the mechanism, which is responsible for
the CAF structure weakens more and more as x goes
away from x = 0.125. It seems that the anomaly related
with TN for x < 0.125 is transformed to the anomaly at
TB.
Having attributed the sharp peak right below Tc in
the middle of the insulating ferromagnetic regime to
the Hopkinson effect( rapid increase of the magnetic
anisotropy) we can conclude that in the ferromagnetic
insulating regime of the R-samples is related with mag-
netic anisotropy increment. This increment reduces as
the metallic boundary is approached. On the other
hand, this anisotropy increases on approaching the cant-
ing antiferromagnetic boundary. This significant conclu-
sion may has to do with the idea of some kind of or-
bital ordering13,28 or orbital domains29 occurring in the
ferromagnetic-insulating regime. A new kind of orbital
ordering below Tc, for a sample with nominal composi-
tion La0.85Ca0.15MnO3 has been proposed in Ref. 30. At
T = 2 K the high resolution neutron diffraction pattern is
compatible with a monoclinic distortion, described from
the space group P21/c. In this structural model there
are two nonequivalent MnO2 layers alternating along the
a−axis leading to a specific pattern of Mn-O distances,
implying an unconventional orbital ordering type. This
model may be relevant with the ferromagnetic insulat-
ing state, where a specific orbital ordering was proposed.
However, the metallic resistivity variation of the partic-
ular sample, takes in question the generalization of this
model in describing the FI phase.
We must note that, as the magnetic measurements
show, in the metallic regime (x ≥ 0.23) no Hopkinson
peak is present, a fact which tells us that here the mag-
netic anisotropy goes to zero smoothly at Tc. Concerning
the AP-samples, they do not show the Hopkinson peak
also at Tc, implying that the mechanism which is respon-
sible does not operate in this case. Let us turn now on
the feature at the TB. This feature is present in all the
AP-samples while it is less pronounced in the R-samples.
It is reasonable that in the R-samples the anomaly in the
magnetic measurements at low temperatures may be re-
lated with some kind of antiferromagnetic interaction as
the CAF boundary is approached. These antiferromag-
netic interactions may produce some kind of glassiness
with diminished weight as the metallic boundary is ap-
proched.The detailed microscopic origin of the anomaly
at TB is not clear.
In some works the feature at TB has been attributed
to the sudden change of the domain wail dynamic due to
the domain wall pinning effects.31 As also observed, small
frequency dependance of the peak in the χ′′, at temper-
ature where the step occurs, is not an indication of spin
glass behavior. Many magnetically ordered systems ex-
hibit frequency dependance without this to mean spin-
glass behavior. This dependance has been attributed to
the freezing out of domain wall motion which is a con-
sequence of the rearrangements of electron states within
the domain wall. The low field ZFC magnetization fol-
lows the changes of coercivity which is directly related
with the magnetocrystalline anisotropy. If this scenario
is correct then which is the origin of this sudden change
in the magnetocrystalline anisotropy? Laiho et al.32 us-
ing air atmosphere prepared samples based mainly on
frequency dependence of χ′ at the region where the step
was observed they attributed this future to a reentrant
spin glass phase. It is well known that the compound
with x = 0.5 undergoes a first order charge/orbital or-
dering antiferromagnetic transition below the Curie tem-
perature. This transition has as consequence the ap-
pearance of a diminish of the magnetization in both FC
and ZFC magnetization branches. Something which is
not observed in our measurements, where ZFC and FC
branches follow opposite direction for T < TB.
The physics of the AP samples near x = 0 may be re-
lated with the results of Algarabel et al. (Ref. 33). In
this study, based on small angle neutron scattering data,
was suggested that the ferromagnetic phase (for T < Tc)
comprises from clusters increasing in size as the temper-
ature decreases reaching the value of 3-3.5 nm at low
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FIG. 9: (a) Phase diagram for the air atmosphere prepared
La1−xCaxMnO3 samples. The solid circles denote the para-
magnetic ferromagnetic transition. The open circles corre-
sponds to the onset temperature TB of the jump in the ZFC
dc-magnetization curves. The open and closed squares shows
the temperature variation of the magnetization jump-size dur-
ing field and zero-field cooling modes, respectively. (b) Phase
diagram for R (He atmosphere annealed) La1−xCaxMnO3
samples. The solid circles denote the transition from the
paramagnetic to canted antiferromagnetic or ferromagnetic.
The semi-filled circles for x > 0.125 correspond to the on-
set temperature TB of the jump in the ZFC dc-magnetization
measurements.
temperature. It is plausible that the non-stoichiometric
samples as the AP ones may consist from regions rich in
holes (then ferromagnetic) and poor in holes (with glass
behavior).
The magnetic measurements of Ref. 34,35 practically
coincide with ours for the R-sample with nominal com-
position x = 0.15. It is most probable that in the single
crystal the stoichiometry is slightly lower from the nom-
inal one. In the particular crystal they observed a ferro-
magnetic to paramagnetic and metal-insulator transition
at Tc ≈ 180 K, a ferromagnetic-insulator transition at
TFI ≈ 150 K and a magnetic anomaly at TB ≈ 95 K,
which is related with a level off of the resistivity.
Finally, it is interesting to compare the present mag-
netic measurements with those of the La1−xSrxMnO3 at
FI regime occurring at x = 0.125. This compound firstly
exhibits a cooperative Jahn-Teller first-order transition
at TJT ≈ 270 K, secondly, a transition towards a ferro-
magnetic and metallic state, at Tc = 181 K and then,
a magneto-structural first-order transition into a ferro-
magnetic insulating state, at TB = 159 K. The transi-
tion at TB = 159 K is characterized by a jump in the
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FIG. 10: Temperature dependance of the χ′ for the R
La1−xCaxMnO3 samples (0 ≤ x ≤ 0.22), respectively.
magnetization17,19,36,37,38, a typical for first-order tran-
sition delta function-like variation of the specific heat,
appearance superstructure peaks, significant decreasing
of the orthorhombicity and the three characteristic Mn-
O distances become very close to each other. In addition
Moussa et al.39have found a splitting of the spin waves,
an opening of a gap at q = (0, 0, 1/2) ( Pnmb notation)
and a locking of the spin wave energy on the energy values
of phonons. All the above features occurring at T < TB,
are indicative for a first order transition, most probably,
related with a new orbital order.17
Summarizing, in this work we have performed a sys-
tematic study of La1−xCaxMnO3 (0 ≤ x ≤ 0.2) with
aim at advancing the knowledge of the underlying mecha-
nisms which influence their structure and magnetic prop-
erties. The results of the present work clearly demon-
strate that the physical properties of the low doped
La1−xCaxMnO3 compound depend on the oxygen par-
tial pressure during the preparation influencing the Mn+4
contain. In order stoichiometric samples to be prepared a
low oxygen partial pressure is needed. The samples pre-
pared in atmospheric conditions for x < 0.16 are cations
deficient and in a such a way so that the amount of the
Mn4+ to remain constant regardless of x. The ferromag-
netic insulating regime near the x = 0.2 boundary for
both families of samples is not homogeneous.
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